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(54) AC generator 

(57) An irrproved alternator (1) changes its output 
power without changing phase-windings (4a, 4b, 4c) or 
its magnetic flux and increases the output power, partic- 
ularly, in the low speed range without increase of the 
body size. A full-wave-recWying-circuit is composed of 
six diodes (14a through I4f) and six transistors (17a 
through I7f) each of which is inversely connected in par- 
allel with each of the diodes. A phase-control-circuit has 
three magnetic sensors (6, 7. 8) disposed at portions of 
the armature behind the phase-windings (4a, 4b, 4c) 

FIG.1 
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respectively by an electric angle 90° and generates con- 
trolled AC voltages. The controlled AC voltages are 
formed of digital signals which lag behind the output sig- 
nals of the magnetic sensors (6, 7, 8) respectively by an 
electric angle 60° to drive the transistors of the full-wave- 
rectifyirtg-circuit thereby applying the output voltages to 
the phase-windings (4a, 4b, 4c). As a result, the full- 
wave-rectifying-circuit not only rectifies the generated 
voltages of the alternator (1) but also influences opera- 
tion of the alternator. 
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Description 

CROSS REFERENCE TO RELATED APPLICATION 

s The present application is based on and claims priority from Japanese Patent Applications Hei 6-167236 and Hei 
6-2961 16 respectively filed on July 19. 1994 and November 30. 1994. Ihe contents of which are incorporated herein by 
reference. 

BACKGROUND OF THE INVENTION 

10 

1. Field of the Invention 

The present invention relates to an AC generator having a full-wave-rectrfying-circuit and particularly relates to an 
alternator for charging a battery installed in a vehide or the like and a generator or a motor-generator tor an electric 
is vehicle. 



2. Description of Related Art 

An alternator exemplified in Fig. 32 is equipped with a rotor 1 10 which has a field coil 100 and a stator (not shown) 
which has a three-phase-armature coil 120. When Ihe rotor (magnetic field) 1 10 rotates with the field coil 100 being 
excited by an exciting circuit 130. respective phase-voltages are induced in the respective phase-windings 120a. 120b 
and 120c. These voltages are converted (rectified) by a full-wave-recttying-circuit having six-diodes 140 into a DC- 
cunent. which is supplied to a battery 150 and an electric toad 160. 

The alternator is required to generate more electric power (especially, power during a low speed range of an engine) 
since the electric load of the vehicle is increasing. Measures to increase the generating power are as follows: (1) increas- 
ing the alternator-size. (2) increasing the field current and (3) selecting number of turns of the armature coil according 
to the rotational speed of the alternator. „ 

As the space of the engine compartment has been narrowed recently, the decrease of Ihe alternator size as well 
as the increase of its output power has been required. 

Although one of above measures -(1) increasing Ihe alternator size- increases the output power over the entire 
speed ranges from a low speed to a high speed as shown in Fig. 33. it is not in compliance with the requirement for the 
downsizing Although the second measure -(2) increasing the field curont- increases the output power in a high speed 
range as shown in Fig. 34. ft does not increase the output power in the low speed range. Although the third measure - 
(3) selecting number of turns of the armature coil acconJngto the rotational speed of the alternator- increases the output 
power ina highspeed range when the number of turns of the armature coil is decreased as shown in Fig. 35. it decreases 
the output power in the low speed range. On the other hand, in order to increase the output power in the low speed 
range, if the number of the armature-coil-turns is increased, the body-size will increase and the output in the high speed 
range will decrease as shown in Fig. 35. . 

Thus, it is rather difficult for the conventional alternator to increase the output power, particularly in the low rotational 
40 speed range, without increasing the body-size. Therefore, an entirely new idea is necessary for that purpose. 

Fig 36 is a circuit diagram of a single phase model illustrating the principle of the electric power generation. 
The single phase model is composed of an armature resistance r a . an armature inductance La load resistance R, 
and an AC power source (induced-phase-voltage Erf. Accordingly, a voltage V across the resistance R lags behind the 
induced-phase voltage Eo by a phase-angle difference 6 as shown in Fig. 37 and Fig. 38. 
45 The phase-angle difference 6 is necessarily fixed by the circuit constants R. R a and coL as is given by the following 
equation. 

6 -tan" 1 {o>L/(R + r a )}. P1] 

so wherein 
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electric-angular-velocity [<o =(p/2)x(n/60)x2»t] 
the number of poles 
rotational speed (rpm) 

On the other hand, a phase-cunent flowing through the resistance R is given by the following equation. 

I = (E 0 -Vcos6)/Z 8 [E2] 
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Z,: synchronous impedance [Z 8 = v{(coL) 2 + r a *} ] 

Since the freouencv is low during the low speed range, the electric-angular-velocity c* and. consequently. oL 

laa of the voltage V relative to the induced-phase-voltage Eo becomes smaller as the rotational speed becomeslower 

'Itne^Sona. speed becomes loweUn^ 
the Ration [E2] becomes greater, and accordingly the phase current I which f tows through the load resistance R 
becomes smaller and the output power P becomes smaller as shown in Fig.39- increased 

From the above study, it is considered as follows: if the phase angle drtference 6 between Eo^ndV is nweased 
during the low speed range, the current I will increase so that the total output current increases and. consequently, the 
output power of the alternator will increase. , c . . _ 

Acc^irKriy^ 

phas^Tapp'ed across an adjacenV couple of phase-windings to compose a phase-voltage which tegs ^behind 
the ^Sd-line^oltage (or induced-phase-voltage Eo). the phase angle difference 6 between Eo and V will increase. 

SUMMARY OF THE INVENTION 

The present invention is made wim a view to the above (deration and findings.ar^ 

a To£lrc^^^^ 

ularly during the low rotational speed range without increasing the body size. h^™ »t lesret 

Another object of the present invention is to provide an AC generator which includes switching unrt havmgj at east 
n-swrtch elements connected to the generator phase-windings. The switch elements form a bndge-type 
r^rcuit for supplying DC current to a battery and also supplies an AC voltage to the gen ^^J^"^ 5 *° 
SieL pruSerence 6. The AC-current generated in the full-wave-rectrfying-arcurt changes the modes of the 
armature output voltage, thereby controlling the DC-outputof the full-wave-rectifying-c.rcul 

Another object of the present invention is to provide an AC generator which, m a^onto 
includes a position sensor for detecting phase^ifference between the generator ^S^.eW-f l«and ^ "nduced 
oha^volteae and a driving circuit for driving the switch elements according to the detected pnase^rfference^ 
V ^7SSSSS ofZpresent invention 9 is to provide an AC generator which, in addition 
includes a powe -sensor for detecting output power of 'he generator, a speed sensor, arrf a ^ 
s^gasSelagar^^ 

power sensor and the speed sensor. The lag-angle-setting-circuit may include a control map which stores the lag angles 
E ^eTnSm^mToss in combination with a field current and a phase vottage. The generating power and the teg 

speed-ser,sor)aresetaccadingtotheniapTheswrt*ingeleme^ 
the power generation at the maximum efficiency. 

Attirther object of the present invention is to provide an AC generator which, in a ^ n ^^ e J b °^ i ™*** r 
sensor and a feedback circuit for setting a suitable lag angles according to information obtained by the torque-sensor 

TTefeed^^ 

efficiency. Accordingly, me swftching element 

flt ^inTa^mS of the present invention is available to reduce an output power, the t contro^ 
possible in case of a constant field current. In addition, the output power can be ceased regardless of the rotational 
speed as the case maybe so that a compact alternator for its output power can be provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects, features, and characteristics of the present invention as well as the functions of. r dated parte of the 
present invention will become clear from a study of the following detailed description, the appended claims and the 
drawings. In the drawings: 
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Fig. 1 is an overall circuit diagram of an alternator for a vehicle according to a first embodiment; 
Rg. 2 is a schematic diagram of a magnetic-sensor used in the first embodiment; 
Fig. 3 is a circuit diagram illustrating an amplifying-circuit used in the first embodiment; 
Fig 4 is a circuit diagram illustrating a phase-control-circuit used in the first embodiment; 
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Fig. 5A, Rg. 5B and Fig. 5C are wave-form charts of induced-phase-voltages , induced-line-vollages and sensor- 
output-signals in the first embodiment; 

Fig. 6A, Fig. 6B and Fig. 6C are wave-form charts of transistor-input-signals, applied-line-voltages and applied- 
phase-voltages in the first embodiment; 
5 Fig 7 is a graph corrparing the alternator according to the first embodiment and a conventional alternator; 

Fig. 8 is a vector chart illustrating the principle of electricity generation of a single-phase model for the first embod- 
iment; 

Fig. 9 is a vector chart illustrating a generation system according to the first embodiment; 
Rg. 10 is a graph showing voltage-current wave-forms of the first embodiment; 
10 Rg. 1 1 is a graph showing a generated power of the first embodiment; 

Rg. 12 is a graph showing the relationship between the rotational speed and the generated current of the first 
embodiment and that of the conventional alternator; 

Rg. 13 is a graph showing the relationship between the rotational speed and the generation efficiency of the first 
embodiment and that of the conventional alternator; 

Rg 14 is an overall circuit diagram of an alternator according to a second embodiment of the present invention; 
Rg. 15A and Rg. 15B are graphs showing wave-forms of induced-phase-voltages and sensor-output-signals of the 
alternator according to the second embodiment; 

Rg. 16A and Rg. 16B are graphs showing wave-forms of transistor-input-signals and applied-phase-voltages of the 
alternator according to the second embodiment; 

Rg 17 is an overall circuit diagram of an alternator according to a third embodiment of the present invention; 
Rg. 18A, Fig. 18B and Rg. 18C are graphs showing wave-forms of induced-phase-voltages induced-line-voltages 
and sensor-output-signals in the third embodiment; 

Rg. 19Aand Rg. 19B are graphs showing wave-forms of transistor-input-signals and applied-phase-voltages of the 
alternator according to the third embodiment; 

Rg. 20 is an overall circuit diagram of an alternator according to a fourth embodiment of the present invention; 
Rg 21 is a circuit diagram illustrating a phase-control-circuit used in the fourth embodiment; 
Rg. 22 is a vector chart illustrating the principle of electricity generation of a single-phase model for the fourth 

embodiment; ... 
Rg. 23 is a vector chart illustrating generating operation of the system according to the fourth embodiment; 
Rg. 24 is an output circle illustrating the generating operation of the system accorcfing to the fourth embodiment; 
Rg! 25 is a vector chart illustrating generating operation of the conventional system; 
Rg. 26 is an output circle illustrating the generating operation of the conventional system; 
Rg. 27A, Rg. 27B and Rg. 27C are graphs showing wave-forms of induced-phase-voltages, induced-line-voltages 
and sensor-output-signals in the fourth embodiment; 

Rg. 28A, Rg. 28B and Rg. 28C are graphs showing wave-forms of transistor-input-signals, applied-line-voltages 

and applied-phase-voltages in the fourth embodiment; ^ 

Rg 29 is a graph showing the generation efficiency of the system according to the fourth embodiment; 
Rg. 30 is an overall circuit diagram of an alternator according to a fifth embodiment of the present invention; 
Rg. 31 is a chart of algorithm for an operation of a feedback circuit of the fifth embodment; 
40 Rg. 32 is a circuit diagram of a conventional alternator for a vehicle; 

Rg. 33 is a graph showing an increase of generated power in the conventional alternator; 
Rg. 34 is a graph showing an increase of generated power in the conventional alternator; 
Rg. 35 is a graph showing an increase of generated power in the conventional alternator; 
Rg. 36 is a single-phase circuit diagram iUustrating the principle of the electricity generation; 
45 Rg. 37 is a vector chart of the electricity generation in the conventional alternator; 

Rg. 38 is a voltages-current wave-form chart of the conventional generation system; 
Rg 39 is a graph showing power generated by the conventional system; and 

Rg. 40 is an overall circuit diagram of an alternator according to a sixth embodiment of the present invention. 
so DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

A first embodiment of the present invention is described with reference to Figs. 1 through 13 next 
Rg. 1 is an overall circuit diagram of an alternator 1 for a vehicle. The alternator 1 for a vehicle according to the first 
embodiment includes a rotor 3 which has a magnetic field coil 2 and pole cores (not shown), a stator 5 which has an 
55 armature coil 4 and an armature core (not shown), a field-exciting^ircuit (to be described later) for supplying a field 
cunent to the field coil 2, a fuO-wave-rectifying-ciroirt (to be described later) which converts the full-waves of the AC- 
voltages induced in the armature coil 4 into a DC-voltage, a voltage-applying-circuit (to be described later) which applies 
controlled AC voltages to the armature coil 4 of the stator 5. magnetic sensors 6. 7, and 8 which detect the relative 
rotational position between the magnetic flux direction of the field coil and the armature coil 4, an amplifying-arcuit 9 
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which amplifies the output signals of the magnetic sensors 6. 7 and 8. a phase control-circuit 10wWchco^te»e 
voltage-applying-circurtaccoitling to the output signals of the amplifying-circuit 9 and a control arcuit 1 1 which controls 
the field-circuit. 

ThefieW coil 2 of the rotor 3 is energized by the field-circuit, when the rotor 3 is rotated (counterclockwise in Fig. 1) 
by an engine (not shown). The armature coil 4 has Y-cormected three^hase-windings 4a. and 4a and [ sequerftaly 
generates induced-phasUoltages E u . E. and in the phase-windings 4a. 4b and 4c respecbvely at an interval of an 

e '^ C e a f]^ 

coil 2. a diode 13 connected in series with the transistor 12. 

The fuB-wave-rectifying-circuit includes six diodes 14a through 14f which are connected in a bndge and supplies 
the rectified DC voltage to a battery and an electric load 16. „ . - ^ Kinrto - 

The voltage-applying-circuit includes six transistors 17a through I7f connected in P*^J^ IlSS 
14a through 14f respectively. Each of the transistor 17a. 17b. 17c. I7d. 1 7e and 1 71 .s connected so that the conducting 
direction is opposite to that of each of the diodes 14a. 14b, 14c. 14d. 14eand14f. . _ . 

The magnetic sensors 6. 7 and 8 are. for instance. Hall elements 6a, 7a and 8a. one of which is shown in fig. 2. 
The magnetic sensors 6. 7and Saredriven by driving currente and generate voltages u.v and win response to magnetc- 
flux-components which are perpendicular to the sensing surface. They are disposed respectively at P<>srt'°nstf the 
armature coil which are respectively a 90' -electric angle behind the phase-windings 4a. 4b and 4c m the rotatonal 

^^ariplifying-circuit 9 shown in Rg. 3 includes three differential amplifiers 9a. 9b and 9c which amplify reactive 
output signal voltages u. v and w of the magnetic sensors 6. 7 and 8 and generates control agnate u. v and w 

The phase-control-circuit 10shownin Rg. 4drivestherespective1ransistors 17athrough 17f ofthevotege-applying- 
circuH according to signals which are obtained by digital-converting the control signals u\ V and w' of the amphfying- 
circuit 9. The phase-control-circuit 10 includes three hysteresis-circuits 10a. 10b and 10c which .set amplrhide dt fte 
hysteresis arxl NOT circuits 10d. 10e and lOf which generate inverted signals Uo. V 0 and W 0 of the output signals U,. 
V, and Wi of ihe hysteresis-circuits 10a. 10b and 10c. 

The control circuit 1 1 . which is well known circuit (not shown in detail), includes a terminal S for detecting a battery 
voltage, a terminal IG connected to the battery through an ignition switch 1 8 and a terminal D connected to the base of 
the transistor 12 of the fiekJ-exciting-circuft as shown in Fig. 1 . 

The operation of the embodiment is described next 

Whenthe ignition switch 18 shown in Rg. 1 is turned on and the terminal IG of the control circuit 1 1js connected 
to the battery, the control circuit 1 1 detects the voltage of the battery 15 and duty-controls the transistor 12 of thefteld- 
excrting-drcurttosupply an appropriates 

** *men the roSTis driven by an engine together with the field coil 2. induced-phase-vortages E u . E* and E* are 
generated sequentially in the phase-windings 4a. 4b and 4c of the armature coil 4 of the stator 5 in that order at an 
interval of 120° phase angle as shown in Rg. 5A. At this moment, induced-line-voltages E E v . w and E appear 
respectively across couples of the adjacent phase-windings 4a and 4b. phase-windings 4b and 4c and phase-w.nd.ngs 
4cand 4a have respective phases which lead a 30° electric-angle ahead of the respective induced-phase-voltages Eu. 
E„ and Ew as shown in Rg. 5B. It is noted that : E u . v = E 0 - E v . E v . w = E v - E w . and E WHJ = E* - E u . 

As the rotor 3 rotates, the respective sensors 6. 7 and 8 generate sensor-output-signals u. v and w each of which 
has a phase difference of an electric angle 120« from one another. Since each of the magnetic sensors 6 through 8 is 
disposed at a position of an electric angle 90' behind corresponding one o» the phase-windings 4a. 4b and 4c. each 
output-signal of the magnetic sensors u. v and w has the same phase angle as each of the induced-phase-vortages E„. 
E„ and E„ as shown in Rg. 5C. , . 

Each of the sensor-oulput-signals u. v and w is amplified by the amplrfying-circuit 9 and its output signals u . V and 
w are taken into the phase-controt-circuit 10. 

Thephase-corrtrol-circuit 10. which includes the hysteresis-circuits 10a. 10b and 10c. generates digital signals Uo. 
U, Vo V, Wo andW, shown in Rg.6A which lag respectively an electric angle of 60 e behind the sensor-output-signals 
u. v and w (or the induced-phase-voltages E u , Ey and E w ). The transistors 1 7a, 1 7b, 1 7c. 1 7d. 1 7e and 1 7f of the Jf^J 3 ^ 9 " 
applying-circuit are driven respectively by the digital signals U 0 . Ui. V 0 . V,. W 0 and W,, and. consequently. appGed-AC- 
voltages V v . w and (or applied-line-vortages) shown in Fig. 6B are applied respectively across couples of the 
adjacent phase-windings 4a and 4b, the phase windings 4b and 4c and the phase windings 4c and 4a . 

Since the applied-line-voltages (or applied-AC-voBages) V v . w and V^ u lag an electric angle 30° behind the 
induced-phase-voltages E u . E, and E« respectively, they lag an electric angle 60* behind the irxluced-I.TO-voltages E^ 
v Ev^ and Ew u ( shown in Rg. 5B) respectively. Thus, applied-phase-vottages V u . V v and V w shown in Rg. 6C also lag 
an electric angle 60° behind the induced-phase-voltages E u , E« and E* (shown in Rg. 5A) respectively. 
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The lag angle of the applied-line-voltages V^ w and V w . g behind the induced-line^oftages and E^ 

~ can be changed by changing the hysteresis-amplitude of the hysteresis-circuits 10a, 10b and 10c from 0° to 90V How- 
ever, a wider lag angle will be obtained if the positions of the magnetic sensors 6, 7 and 8 are changed. 

The effects of the generating system according to the first embodiment are compared with a conventional system 
5 with reference to Fig. 25 and Fig. 36 next. 

In the conventional generating system, an armature resistance r a , an armature inductance L and a load resistance 
R are series-connected and an AC-voltage source ( or induced-phase-voltage Eo ) is applied thereacross. Thus, a voltage 
V across the load resistance R lags a phase difference 6 behind the induced-phase-voltage as shown in Fig. 25. 
Since the phase difference 6 is determined necessarily by circuit constants such as R, r a and oL, as discussed 
10 before, a phase current I is given by the following equation, if 6 is regarded as 0° frf the rotational speed is low and © is 
small enough to be neglected), wherein k and K are coefficients. - 

l = (E 0 -V)/Z 8 [E3] 

15 =(E 0 -V)/r a 

= (ka>-V)/r a 

If 6 is regarded as 90° when the rotational speed is high (when ooL is large enough to neglect the resistance rj, 
20 the phase current is given by the following equation. 

I = E 0 /Z 8 [E4] 



25 



= E 0 /ooL 
= k*/r a 



As a result the output current of the conventional generating system relative to the rotational speed is generated 
as indicated by a dotted line in Fig. 7. 
50 On the other hand, 6 can be changed by the timing of driving the transistor 17a, 17b, 17c. 17d, 17e and 17f of the 
vottage-applying-circurt in the generating system (a single-phase-model thereof is shown in Fig. 8) according to this 
embodiment. 

In a singleiJhase model shown in Fig. 9, a terminal voltage V is controlled to lag behind an induced-phase-voltage 
Eo by an electric angle 6, e.g. 90° , a phase current leads ahead of the terminal voltage V by an electric angle y and 
35 becomes a lead-phase-cunent. If 6 is set to 90 ° when the rotational speed is low (co is small) the phase current I is given 
by the following equation. 

I = E 0 /Z 8 [E5]andRg/IO. 

40 = E 0 /r a 

= k©/r ft 

When the rotational speed is high (o> is large), the phase current I is given by the following equation. 

UE 0 /Z S [E6] 
-E 0 /<oL 

so =*/r a 

As a result, the output cunent relative to the rotational speed is obtained as indicated by a solid line in Fig. 7 in 
this generating system according to the present enrfcodiment That is. the generating system according to the present 
enteodiment generates more output than the conventional generating system in a low rotational speed range as shown 
55 in Fig. 7. 

The relationships between the lag angle 6 ( the lag angle of the applied-line-voltages V v ^ and V w . u relative to 
(behind) the induced-line-voltages E^ Ey. w and E^J and the generated current and the generation efficiency are 
shown in Figs. 12 and 13. The generating system according to the first embodiment provides its maximum output power 
over almost entire speed range when the lag angle 6 is 90° as indicated by a one-dot-chain-line shown in Fig. 12, and 
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provides the most efficient output power over almost entire speed range when the lag angle » « ^f^oated by a 
STd fine shewn in Fig. 13. That is. the maximum power is obtained when the lag angle £ set to 90' ( wrtron , a grange 
from75«to110')andthemaximumeffiderKyisa*ievedwhenmelagar^^ *> 7 5 >• 

A second embodiment of the present invention is described next 

Rg 14 is an overall circuit diagram illustrating an alternator 1 according to the second embodiment 
The entoodiment includes three A«x>nnected phase-windings 4a through 4c. and ^^^^^ 
voltageslof approximated sinusoidal waves shown in F.g. 16B v^ich lag an electric angle30« beh.nd^induced-phase- 
voltages E u> E, and EE* of the A-connected phase^indings 4a through 4c are applied thereto respectively. 
A third embodiment of the present invention is described next 
Fig 1 7 is an overall circuit diagram of an alternator 1 according to the third embodiment 
The third embodiment includes a PWM ( or pulse width modulation) circuit 19 instead of the phase^control-arcurt 
10. The PWM-circutt 19 drives the transistors 17a through 17f of the voltage^pplying-oroiit respectively according to 
pulse signals shown in Fig 19A based on the sensor output signals shown in Fig. 8a Accord.ng^ «V2"5E 
shown inF,g.19Bcomposedofagroupof rectangular pulses are applied across <x>uplesrft^ 
4a and 4b phase-windings 4b and 4c and phase-windings 4c and 4a respectively at a 60 • electric angle behind the 
corresponding line voltages induced in the stator 5. 

A fourth embodiment of the present invention is described next 

Fig. 20 is an overall structural view illustrating an alternator 1 according to the fourth embodiment "The arternatorl 
is equfeped. in addition to the elements described with reference to the first embodiment (thede^ptione o^edh 
wiiTa current sensor 20 which detects DC^utput of the full-wave^ectifying^ircurt. F/V<omerter 21 which catenates 
aTelectric-angular^elocrty according to the sensor cutout signals u of Ihe magnetic sen^ 

loss at a given relative rotational speed between the rotor 3 and the stator 5 and ata giver .amount fj^*™^* 
power in combination with the field currents and the phase voltages. A hysteresis-amplrtude which corresponds to a set 
lag angle stored in the control map is applied to the phase-control-circuit 10 shown in Fig. 21 . 

An idea of enhancing the generator efficiency is described next. «, niv i a 

The alternator 1 of this embodiment may be expressed by the single-phase model shown in Fig. 22 and a vector 

diagram in Fig. 23. 
so The phase-current I is given by the following equation. 

l'«(E 0 -vV2 B l £?1 

= (E 0 -V)/ (Zoom's) 

35 

l = lexp(-jv) 
=(E / exp - 6)) - (V / Z 8 ) exp (- jv 8 ) 
40 An output P. which is a DC-current is given by the following equation in case of the three-phase generator. 

p=iocV DC m 

= 3VI cos y 

= 3(VE 0 /Z 8 )sin6 

The symbols used in the above equations represent as follows: 

so P: generated power 

I: phase-current 

E 0 : induced-phase-voltage ( which is a function of the magnetic field current l f ) 

V: terminal voltage (constant) 

Ze*. synchronous impedance (expressed as V{(coL)2 + r a 2 }) 

55 L synchronous inductance 

r a : armature resistance 

6: lag angle (or load angle) 

y: power factor angle 

y 8 : which equals to tan~* (a>L / rj 
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co: electric-angular-velocity 
n: rotational speed (rpm) 

Ipci DC-output current 

Vdc: DC-output voltage 

5 

The electricity power generation is discussed next by using a circle diagram which diagrams the above-listed 
equations of the phase-current I and the generated power P. 

The locus of point p where the generated power becomes constant as shown in Fig. 24 is given as follows. 

10 bp 2 = ab 2 + ap 2 -2- ab - ap -cos(v 5 + 6) 

= (V/(2r a )) 2 + (E 0 / Z 8 ) 2 - 2 (V/(2r a ))(E 0 /Z 8 ) cos (v 8 + 6) [E9] 
- (V /(2r a )) 2 - (1 /r a ) {(VE o / cos (v 8 + 6) - (E 0 2 / Z 6 ) cos y s ) 



15 



20 



wherein a b = o a/2 cos y8 = V/2Zs cos Vs s V/2r a 

Normally, r a « co, therefore y s * re / 2 , then it is substituted to the above equation, and the following equation is 

given. 

bp 2 =(V/(2r a )) 2 +(1 /r a ) (VE 0 /Z 8 )sin 6 

-(1/r a )(V 2 /(4r a ) + P/3) tE10] 
bp = V{(V 2 /(4r a ) + P/3)/r a } 



Accordingly, rt the generated power P is constant Bp (distance between points b and p) is constant In other 
words, a circle, which has the point b as the center and Ep as the radius, becomes the locus for the point where the 
30 generated power P is constant The circle is referred to as the output circle p a hereafter. 

Now, rt is assumed that the rotational speed n and the generated power P are constant In this moment, the syn- 
chronous inpedance Zg is also constant because the rotational speed n is constant 

Since the rotational speed n is constant the point p moves along the output circle p a . When the point p comes to a 
point c, the induced voltage Eo becomes minimum, in other words, the magnetic-field-current l r becomes minimum. The 
55 induced voltage Eo increases as the magnetic-field-current I, increases and the point p moves clockwise on the output 
circle p a . Therefore, the phase-current I decreases and it becomes minimum at a point d. At this moment, the power 
factor angle y = 0° , that is the power factor becomes 100 %. 

In the conventional way of generation in which only the magnetic-fiektourrent I, is controlled, the power factor ts 
always 100 %. The vector diagram and the output circle diagram thereof are shown in Figs. 25 and 26. 
40 The efficiency of the conventional generator is given by the following equation. 

q s P /(P + P c + P, + Pi + P m + P a ). wherein: [E1 1] 



P: generated power 

45 P c : copper loss (armature copper loss) 

P f : magnetic field loss (copper loss of the field coil) 

P- iron loss 

P m : machine loss 

p a : other losses 



Pi, P m and P u are nearly constant under a constant terminal voltage and a constant rotational speed. 
P c and P f are respectively given by the following equations. 

P c = 3r a l 2 [E12] 
P f = r t l f 2 

In the conventional way of generation in which only the magnetic-fieldKnjrrent l f is controlled, only the induced 
voltage Eo is controlled to get an output power P. Therefore, if the magnetic-field-current l< is determined, the phase- 
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currertlisnecessarflyg^^ 

MSlllA 

On the other hand, there is a point where the total loss ( Pc+ P.) is minimum, in other words, where the maximum 

efficiency is obtained, on the output cirde shown in Fig. 24. * ic ^m^iiaH mai^e* thP 

Thai is. the embodiments according to the present invention, in wh.cn the load angle 5 is controlled, realizes the 

f The operation of the fourth embodiment is described next. , „ ... (M4 „--- ta H 

v3heign-.tionsv«tch18istumrf^ 
the cori. circuit 1 1 detects a voltage of the battery 1 5 and duty^ontro. the transistor 12 of the ^""V^? 
mat ttetettery voltage becomes rts fcrget vortage (eg. 1 4 V) . thereby supplying a suitable held current to thef .eld cod 2. 
WhSS^rhaTg the magnetic-field-coil 2 thereon is driven by an engine, the induced-phase-volteges E„ 
arX are gt^the phas'e-windings 4a. 4b and 4c redely at an interval of J^^' 
enter aslhown in Rg. 27A. The induced line voltages E|H , E^ and E^ appearing (Hmc^tad 
phase windings 4a and 4b. phase-windings 4b and 4c and phase windings 4c and * » 

of the induced-phase-voltages E u . E, and E„ respectively as shown in Rg. 27B. Incidentally. Eu . v -E u E v . 

Ev - As tiVe ro^ot^^^^^ u. v and ware generated in the magnetic sensors 6. 7 and 8 at a 

ohase difference of electric angle 1 20° one after another . . . «■ 

Since the magneticeerJUth™^^^ 
ofthephase-windings4a.4band4cre*^ 

as » , induced-phase-voltages E u . E, and E, respectively as shown in Rg 27C Because, the magnetj-sensors 6 
Sough 8 detecTthe magnetic flux * itseff. which leads 90- ahead of the induced phase^ voltage E. . £ / d t_^ 
sensor-output^ignals u. v and w are amplified by the amplifying-circurt 9 and taken into the phase<orrtrol- 

*°i to phase-control-circurt 10. the digital signals U o. U* V 0 . V, W 0 and W, shown in Rg. 28A are generated 
These digtel signals lag behind the sensor^utput-signals u. v and w (the output signals of the ^'^ng-arcurt 9 
re^Sy by an angle conesponding to the hysteresis-amplitude which are stored in *emap™art22. The^ digrtal 
*E^£ZZL*i lagTehind the sensor output signals by an electric angle 60" . The transst«s ^ugh 
1 53 the votege^lying-circuit are driven by the digital signals U 0 . U,. V 0 . V„ Wc , and W v so A ^?f 
™V™ ar1 d V^hown in Rg. 28B are applied across couples of the adjacent phase^indings 4a and 4b. phase- 
windings 4b and 4c arid windings 4c and 4a respectively. . . ,_^u-„-_ 

Since the applied ^-voltages V W V^^ 
p f and E bv an electric angle 30* respectively, they lag behind the induced-line-voltages Eo .«, Ey-w and ^.usnown 

fn U Hg!£b7an^^^ 

She f aSlied-line-votSJes ^ V v . w and V_ They lag ^^^^^^ ftJS 
in Ha 27Bbv an electric angle 60 s respectively as shown in Rg. 28C. That is. the toad angle ( or lag angle) 6 Between 
L S^SrJ! V V ar?V w and'the induced^e^Hages E,. E, and E, can be set to 60- according 
to the hysteresis-amplitude stored in the map-circuit 22. 

The efficiency control of the generation by the map-circuit 22 is described next. . 

%££H* the .oad arx^e 6 is set to 60' according to »e hyster^s^.mxle *«£J^ * ^ £ 
transistor 12of the field-exciting«ircuit is duty-controlled to supply a suitable amount of the field current I, so that the 
battery voltage becomes a target voltage (e.g. 1 4V). jm«h h « a 

^ e map^ircuit 22 detects the DCXurrent by the current sensor 20. The detected DC<unenUs muftpfiedbya 
tamrt mZefe a 14 V) of the corrtro^ircurt 1 1 to provide a required power P. Subsequently, a hysteres-s-arnplrtude 
52 ZnS^s to the toad angle 6 for a minimum loss (P c + P„ or a maximum efficacy at the ireqwed I pcwerP 
and the elSc-angular-velocity «, is selected from the control map. Then, the selected hysteres.s-amplrtude is applied 

, t0 ^L^SSJe^aftSIatOTgenerates the output power at its maximum efficiency in its entire rotational speed range, 
thereby realizing more fuel-saving of vehicles. 

A fifth embodiment of the present invention is described next. 1 fe 

Rg. 30 is an overall diagram of an alternator 1 for a vehicle according to the fifth errtoodiment ^^tor1« 
equipped with a torque-sensor 23 and a feedback-circuit 24 which controls the phase-control-circurt 1 0 according to an 

s output signal of the torque^sensor 23. t^-i^rit^irciiH 24 

In this embodiment the load angle 6 is set according to a hysteres.s-arrpl.tude ^^fe^te^rcurt 24. 
The operation is the same as that of the fourth embodiment except for the operation of the feedbadk-arcurt 24 k 

ThSefore. only the operation of the feedback^* 24 is described with reference to an algorrthm chart shown ,n 
Rg.31. 



9 



<EP__08938«8A1_L> 



EP0 693 816A1 



10 



15 



Now, the load angle 60 Is set to 60° according to the hysteresis-amplitude of ttie feedback-circuit 24, and the transistor 
1 2 of the f iekJ-exciting-cirarit is duty-controlled to supply a suitable current I, to the field coil 2 so that the battery voltage 
become a target voltage (e.g. 14 V). 

The feedback-circuit 24 calculates a load angle 6 from the shaft-torque x of the rotor 3 which is detected by the 
torque-sensor 23 to obtain such a load angle 6 as the shaft-torque t become minimum (minimum loss and maximum 
efficiency) and applies a hysteresis-anrplitude corresponding to the calculated load angle 6 to the phase-control-circuit 

1 ° As a result, the alternator generates the output power at its maximum efficiency in its entire rotational speed range, 
thereby reaBzing more fuel-saving of vehicles. 

An alternator according to a sixth enrtodiment of the present invention is described with reference to Fig. 40. The 
sixth errfcodiment has a current sensor 25 which detects currents of the three-phase-windings 4a, 4b and 4c and obtains 
respective phase angles of the induced-phase-voltages from the detected currents. Thus, the power sensor used in the 
alternator according to the first embodiment is omitted. 

The alternator according to the sixth embodiment uses MOS-FETs 27a, 27b, 27c, 27d ,27e, and 27f as the switching 
elements. In this errtxxJiment since the diodes 26a, 26b. 26c. 26d, 26e and 26f are formed integrally with the MOS- 
FETs. they function in the same manner as the switching elements of the first embodiment 

tea variation, transistors 17a, 17b, 17c, 17d, 1 7e and 17f which are used as the switching elements of the voltage- 
applying-circuit in the previous embodiments may be replaced by thyristors. 

Thediodes 14a, 14b. 14c. 14d, 14eand 141 of the full-wave-rectif^ 17b - 1? C 17d. 

20 1 7e and 1 7f of the voltage-applying-circuit may be integrated into a single chip such as a IGBT (insulated-gate bipolar 
transistor) or MOS-FET. _ 

Although the three-phase windings 4a through 4c are Y-connected On the first and third embodiments) or A-con- 
nected (in the second embodiment) of the armature coil 4. the number of phases or types of the winding connections 
are not limited to the embodiments described above. 
25 The magnetic-sensors 6, 7 and 8 which are composed of flail elements may be replaced by photo-sensors or by 
rotation sensors such as encoders or resdvers. 

The anplrfying-drcuit 9 and the hysteresis circuit 1 0a. 1 0b and 10c used in the previous embodiments as the signal- 
processing-circuit may be replaced by a Hall-IC-chip on which those droits are integrally formed. 

Although the electric-angular-velocity © is calculated by the F/V-convertor 21 according to the output u of the mag- 
so netic-sensor 6 in the fourth embodiment, it may be calculated according to the output v of the magnetic-sensor 7 or the 
output w of the magnetic-sensor 8. 

In the foregoing discussion of the present invention, the invention has been described with reference to specific 
embodiments thereof. It will, however, be evident that various modifications and changes may be made to the specific 
enfcodiments of the present invention without departing from the broader spirit and scope of the invention as set forth 
35 in the appended claims. Accordingly, the description of the present invention in this document is to be regarded in an 

illustrative, rather than a restrictive, sense 

An inproved alternator (1) changes its output power without changing phase-windings (4a, 4b, 4c) or its magnetic 
flux and increases the output power, particularly, in the low speed range without increase of the body size. A full-wave- 
rectifying-drcuit is corrposed of six diodes (14a through 14f) and six transistors (17a through 17f) each of which s 
40 inversely connected in parallel with each of the diodes. A phase-control-circuit has three magnetic sensors (6, 7, 8) 
disposed at portions of the armature behind the phas*windings (4a. 4b. 4c) respectively by an electric angle 90° and 
generates controlled AC voltages. The controlled AC voltages are formed of digital signals which lag behind the output 
signals of the magnetic sensors (6. 7, 8) respectively by an electric angle 60° to drive the transistors of the full-wave- 
recttfying-drcuit, thereby applying the output voltages to the phase-windngs (4a, 4b, 4c). As a result, the fulhwave- 
45 rectifying-drcurt not only rectifies the generated voltages of the alternator (1) but also influences operation of the alter- 
nator. 



Claims 



so 1. An AC generator (1) comprising: 

a magnetic field member (3) having a field coil (2) for generating magnetic flux when an electric field current 

is supplied to said field coil (2); 

an armatue member (5) having an armature coil (4) induding multi-phase-windings (4a. 4b, 4c) for generating 
induced-phase-voltages in said phase-windings (4a, 4b, 4c) and providing terminal-AC-voltages when rotated rel- 
55 ative to said field member (3); 

switching means having at least as many switching elements (14a through 14f, 17a through 17f) as said 
mutti-phase-windings (4a. 4b. 4c) connected therewith, said switching elements (14a through 14f) forming a bridge- 
type full-wave-rectifying-circuit for supplying an output-voltage to a load and forming a voltage-applying-drcuit for 
applying a control- AC-voltage which is formed from said output voltage of said f ull-wave-rectifying-drcuit to a portion 
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of said armature coil (4); and 

a driving circuit (10). connected to said vdtage applying circuit, for driving said switching elements (17a 
through 17f) of said voltage applying cicuit so that said corrtrol-AC-voltage lags a prescribed electric-angle behind 
corresponding one of said induced-AC-voltagesand a cunent flowing through said corresponding oneof saidphase- 
5 windings (4a. 4b. 4c) leads ahead of said corresponding one of said terminal-AC-voltages by a prescribed electnc 
. angle. 

2. An Ac generator (1) according to claim 1 further comprising: 

f iefo-current-contrd-means (1 1) for controlling said field current according to said output voltage of said full- 

io wave-rectifying-drcuit; 

a power sensor (20) for detecting output power of said Ac generator (1); - 
a rotational-speed sensor (6, 7, 8. 21); and 

a map-circuit (22) connected to said power sensor (20) and said rotational speed sensor (6. 7. 8. 21). saw 
map-circuit (22)induding a control map storing electric angles which give minimum losses at respective combina- 
is tions of said field current and said phase voltages, said map-circuit (22)selecting said suitable electrjc-angle from 
said control map according to signals from said power sensor (20) and said rotational-speed sensor (6. 7, 8. 21). 

3. An Ac generator (1) according to claim 1 further comprising: 

field-current-control-means (1 1) for controlling said field current according to said output voltage of said full- 
so wave-rectifying-circuit; 

a torque sensor (23) for detecting power-generating-torque; and 

a feedback-circuit (24). connected to said torque sensor (23). for setting said suitable lag-angle according to 
a signal from said torque sensor (23). 

» 4. An Ac generator (1) according to claim 1 . wherein said portion of said armature coil (4) comprises a couple of 
adjacent ones of said phase-windings (4a. 4b. 4c). 

5. An Ac generator (1 ) according to claim 1 . wherein said portion of said armature coil (4) comprises one of said phase- 



windings. 



so 



ss 



40 



6. An Ac generator (1 ) according to cteim 1 . saiddriving circuit (1 0) sets said suitable electric-angle between 30° ~ 1 20° . 

7. An Ac generator (1) according to claim 1 . wherein said vottage-applying-drcuit comprises means for generating an 
approximated sinusoidal voltages as said control-AC-vottage which varies stepwise. 

8. An Ac generator (1) according to daim 1 . wherein said vortage-applying-circurt comprises PWM-circuit(1 9) for gen- 
erating said control-AC-voltage formed by a group of rectangular pulses. 

9 An Ac generator (1) according to claim 1. wherein said vortage-applying-circurt comprises a unit of switching ele- 
ments (17a through I7f). and said full-wave-rectifying-circuit comprises a unit of diodes (1 4a through I4f). 

10. An Ac generator according to daim 1 . wherein said vottage-apdying-drcuit comprises transistors (1 7a through 1 7f). 
and said full-wave-rectifying-circuit comprises diodes (17a through 1 71). 

« 11 An Ac generator (1) according to daim 1 further comprising an integral element (26a through 261.27a through 27f) 
integrally accommodating said unit of switching elements (17a through 170 forming said voltage-applying-arcurt 
and said unit of switching elements (14a through 14f) forming said full-wave-rectifying-circurt. 

12. An Ac generator (1) claimed in daim 1. wherein a unit of said switching elements (14a through 14f. 15a through 
so 17f) comprises an K3BT. 

13. An Ac generator (1) claimed in claim 1. wherein a unit of said switching elements (14a through 14f. 15a through 
17f) conprises MOS-FET (26a through 26f. 27a through 271). 

ss 14. An Ac generator (1)daimed in daim 1 further comprising a position sensor (6. 7. 8) for detecting rotational position 
of the magnetic-flux-direction of said field member (3) relative to said armature cdl (4). wherein said (10) drives 
said switching elements (17a through 17f) of said votege-applying-drcuit according to an output signal d said 
position sensor (6. 7. 8). 
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1 5. An Ac generator (1 ) claimed in claim 1 further comprising a phase-current-sensor (25) for detecting ph^e-currents 
d said phase-windings (4a, 4b, 4c). wherein said driving circuit (10) drives said switching elements (17a through 
17f) of said voltage-applying-circuit according to an output signal of said phase-current-sensor (25) and said phase 
voltages corresponding to said phase-current to be detected. 

16. An Ac generator (1) comprising: 

a magnetic field menfcer (3) having a field coil (2) for generating magnetic flux when an electric field current 
is supplied to said field coil (2); 

an armature member having an armature coil (4) including Y-conneded-nuilti-phase-windings (4a. 4b. 4c) 
for generating induced-line-voltages across couples of adjacent ones of said phase-windings (4a, 4b. 4c) and pro- 
viding multi-phase-AC-terminal-voltages when rotated relative to said field member (3); - 

switching means having at least as many switching elements (14a through 14f, 17a through 17f) as said 
multi-phase-windings (4a, 4b. 4c) connected therewith, said switching elements (1 4a through 1 4f) forming a bridge- 
type full-wave-rectifying-circuit for supplying an output-voltage to a load and forming a voltage-applying-circuit for 
applying corrtrol-AC-vo»tages which are formed from said output voltage of said full^wave-rectifying-circuit to said 
armature coil (4); and 

a driving circuit (10), connected to said voltage-applying-circuit for driving said switching elements (17a 
through 1 70 of said voltage-applying-circuit so that said control-AC-vottages lag a prescribed electric-angle behind 
said induced-line-voltages respectively and currents flowing through said couples of adjacent ones of said phase- 
windings (4a, 4b, 4c) lead ahead of said multi-phase-AC-terminal-voltages of the same cobles of said phase- 
windings (4a, 4b, 4c) by a prescribed electric angle. 

17. An Ac generator (1) comprising: 

a magnetic field member (3) for generating magnetic flux; } 

an armature member having an armature coil (4) including mutti-phase-windings (4a, 4b, 4c) for generating 
induced-phase voltages in said phase-windings (4a. 4b. 4c) and providing multi-phase-AC-terminal-voltages when 
rotated relative to said field member (3): 

switching means having at least as many switching elements (14a through 14f, 17a through 17f) as said 
multi-phase-windings (4a. 4b, 4c) connected therewith, said switching elements (14a through 14f) forming a bridge- 
type full-wave-rectifying-circuit for supplying an output-voltage to a load and forming a voltage-applying-circuit for 
applying a control- AC-voltage which is formed from said output voltage of said full-wave-rectifying-circurt to a portion 
of said armature coil (4); and 

a driving circuit (10), connected to said voltage-applying-circuit for driving said switching elements (17a 
through 17f) of said voltage applying cicuit so that said control-AC-voltage lags a preserved electric-angle behind 
corresponding one of said induced-phase voltages and a current flowing through corresponding one one of said 
phase-windings (4a. 4b, 4c) leads ahead of said line-voltage by a prescribed electric angle. 
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